Purpose To compare ocular, internal, corneal aberrations, and contrast sensitivity in patients implanted with aspheric or spherical intraocular lenses (IOLs). Methods Total, corneal, and internal aberrations were measured using ray-tracing technology in 23 eyes implanted with aspheric (Tecnis ZA9003) IOLs, and in 25 eyes implanted with spherical (AcrySof SA60AT) IOLs. Spherical aberration (SA), coma, trefoil, and RMS of higher order aberrations (HOAs) were analysed for 4.0 and 6.0 mm optical zones. Best-corrected visual acuities (BCVAs), contrast sensitivity under photopic and mesopic conditions, and modulation transfer function (MTF) were evaluated to compare visual performances. Results The mean internal SA was À0.06/ À0.35 lm in the aspheric IOL group and 0.04/ 0.17 lm in the spherical IOL group (at 4 mm/ 6 mm pupil). Total SA was near to zero in the aspheric IOL group, and was 0.11±0.034/ 0.48±0.13 lm in the spherical IOL group. The internal Z 3 À1 and total Z 3 À1 were more negative in the spherical IOL group. The internal Z 3 À3 was more negative in the aspheric IOL group. The two groups were similar in terms of other Zernike values and RMS of HOA. There were no differences in BCVA between groups. The aspheric IOL group showed better contrast sensitivity at 3-6 cpd in photopic and 1.5-6 cpd in mesopic conditions. The MTF curve was better for the aspheric IOL group at 5-10 cpd. Conclusions The aspheric IOL with a negative SA reduced total SA by compensating for positive corneal SA. These effects resulted in improved contrast sensitivity.
Introduction
Over the last decade, improved surgical skills and new generation intraocular lens (IOL) designs have resulted in marked advances in cataract surgery. 1 The optical quality of isolated IOLs has received considerable attention, and most IOLs have a better optical quality than crystalline lenses. However, IOLs with better optical quality does not show the same optimal quality in vivo as expected in optical laboratory system. [1] [2] [3] One explanation is that optical quality is governed by both the cornea and the IOL. Studies have shown that cornea aberrations are at least partially compensated by lenticular aberrations in young human eyes. The positive spherical aberration (SA) of the cornea changes little with age. However, the lens loses its ability to compensate for aberrations of the cornea, resulting in optical quality deterioration in the aging eye. 3 Optical studies show that conventional IOLs have one or two spherical surfaces, which act to increase the positive SA resulting in a blurred retinal image. 4 On the basis of these observations, a new IOL was developed that converts the spherical profile to an aspherical surface to compensate for the positive SA induced by the cornea. 5 The Tecnis Z9000 IOL is a 3-piece silicone foldable IOL with a prolate anterior surface introducing a negative SA to the ocular system. A number of reports verify reduced spherical aberrations associated with this IOL, and indicate that it provides superior contrast sensitivity compared to various spherical IOLs. [6] [7] [8] [9] [10] However, there were some recent trials showing no significant advantages in terms of subjective visual function. [11] [12] [13] This study compared the optical quality of the acrylate version of the aspheric Tecnis IOL (ZA9003, AMO Inc., Santa Ana, CA, USA) with the most widely used conventional acrylate IOL (AcrySof SA60AT, Fort Worth, TX). Internal aberration (which is mostly induced by the IOL) and its contribution to the entire eye was the main interest of this study. Although most previous works used the Shack-Hartmann wavefront sensor, some limitations of that device has recently been described elsewhere.
14 Notably, this study measured corneal and internal aberrations using the same apparatus, the i-Trace (Tracey Technologies, Houston, TX, USA). The i-Trace allows both wavefront and topography data to be collected, and separates corneal from internal aberrations using the ability to register with corneal topography. Thus, the relative contributions of the cornea, internal optics, and entire eye aberrations can be evaluated.
For the clinical relevance, best-corrected visual acuity (BCVA), modulation transfer function (MTF), and contrast sensitivity were assessed. Moreover, linear correlations between postoperative ocular aberrations and visual outcomes were investigated.
Materials and methods

Subjects
The study was a double-masked randomized design, and involved 50 consecutive eyes undergoing phacoemulsification for senile cataract surgery. The exclusion criteria were ocular disorders other than cataracts, systemic disease potentially affecting vision or contrast sensitivity (eg, diabetes), and intraoperative or postoperative complications including optic decentration greater than 0.5 mm. Eligible patients were informed of the additional measures required by the study (use of wavefront aberrometer and contrast sensitivity test), and only patients who signed informed consent documents were included.
Surgical procedures
Patients were randomly assigned to the Tecnis ZA9003 or the AcrySof SA60AT groups according to uniform allocation (1 : 1) method. Patients were blind to which IOL they received, and surgeons were informed of the IOL at the time of surgery, and were blind to the postoperative evaluation. Surgery was performed by two experienced surgeons (TK and EK) both using the same technique. The standard surgical technique included topical anaesthesia, 3.0 mm temporal incision, 5.5 mm capsulorhexis, hydrodissection, phacoemulsification, irrigation/aspiration, and IOL implantation in the bag with the aid of the Unfolder Emerald (Tecnis) or Monarch II (AcrySof) implantation systems. Care was taken to achieve good IOL centeration and ensure a 3601 seal around the optic.
Optical aberrations
Wavefront aberrations were measured preoperatively and postoperatively at 3 months using the i-Trace. This device uses the fundamental principle of ray tracing, which rapidly projects thin beams of light on the retina to measure forward aberrations. The instrument allows both wavefront and corneal topography data obtained by EyeSys to be collected from the entire optical path, and can separate corneal from internal aberrations using the topographic data. An additional advantage of this approach is that the diameter of pupil analysed can be manually selected by the clinician following data collection to determine where certain aberrations occur and how they affect vision.
Pupils were dilated using Tropicamide 1%. Wavefront maps were analysed using 4 and 6 mm optical zones, and higher order aberration (HOA) up to sixth Zernike coefficients were analysed. For simplicity, only the following terms were analysed: refraction parameters as given by the aberrometer (SE), Z 3 À3 (vertical trefoil), Z 3
À1
(vertical coma), Z 3 þ 1 (horizontal coma), Z 3 3 (horizontal trefoil), Z 4 0 (spherical aberration), and RMS of HOA (third to sixth order). Secondary astigmatism and quadrafoil were not considered as previous reports showed that they had little effect on visual acuity. 9 
Visual quality test
In addition to optical aberration data, i-Trace provides the MTF curves from 0-30 cycles/degree (cpd). We obtained MTF curves for each patient from higher order aberrations for the 6.0 mm optical zone. Snellen visual acuity and contrast sensitivity were evaluated with best refractive correction without pupil dilation. The operator performing the tests was not aware of the type of implanted IOL. Contrast sensitivity was measured using Optec 6500 (Stereo optical Co. Inc., Chicago, IL, USA) with the functional acuity contrast test (FACT) chart. This instrument allows testing of contrast sensitivity for distance vision under both mesopic (3 cd/m 2 ) and photopic (85 cd/m 2 ) luminance conditions. The chart displays sine wave gratings at five spatial frequencies: 1.5, 3, 6, 12, and 18 cpd. For each spatial frequency, the last patch of the FACT chart that was correctly read by patients before two consecutive errors was converted into the level of contrast sensitivity for that frequency, according to the conversion chart provided with the device. The log (base 10) of the obtained contrast sensitivity values was used for statistical analysis, and a difference level of 0.15 log units between tests was considered clinically significant. 8, 15 Statistical analysis For statistical analysis, logarithm of minimum angle of resolution (logMAR) acuities and contrast sensitivity transformed into log values were used. All variables in each group were tested for normality (KolmogorovSmirnov one sample test) and homogeneity of variances (Levene test) for parametric test. Independent t-tests were used to compare optical qualities between two IOL groups. Simple linear regression analysis was preformed to find linear correlations between the ocular aberrations and visual outcomes. Mann-Whitney U-tests were used to analyse the few data that did not meet parametric criteria. Statistical analysis was performed using SPSS 12.0 software (SPSS Inc., Chicago, IL, USA), and P-values 0.05 or less were considered to indicate a significant difference.
Results
The postoperative clinical course was uneventful for both groups, and no case of significant IOL decentration was observed during follow-up. Of the total 50 eyes, 23 were implanted with aspheric (Tecnis ZA9003) IOLs and 25 with spherical (AcrySof SA60AT) IOLs. Two eyes implanted with aspheric IOLs were lost to follow-up. There were no statistically significant differences between the two groups in terms of age, mean IOL power, preoperative and postoperative BCVA, or postoperative refractive errors ( Table 1 ). The three months postoperative wavefront data including total, internal, and corneal aberrations for both groups are shown in Table 2 .
The mean value of aberration for each Zernike coefficient was compared between the two IOL groups. Comparison of the higher order aberration for the 4-mm pupil showed that SA differed between the two groups Table 2 Postoperative total, internal, and corneal aberrations for the two IOL groups for 4.0-mm and 6.0-mm pupil diameters ). In contrast, the vertical coma showed negligible aberration in the aspherical group, which contributed to the two groups showing a difference in total vertical coma (P ¼ 0.003). Although the two groups differed in terms of internal trefoil (Z 3
À3
, P ¼ 0.015), the total resulting trefoil was similar for both (P ¼ 0.12). The two groups were similar in terms of other coefficients including all corneal aberrations.
Higher order aberrations measured for the 6 mm pupil were found to be similar to those for the 4 mm pupil, although the differences between the two groups in terms of SA were greater (ocular SA:0.48 ± 0.13 vs À0.07 ± 0.25 mm, internal SA: 0.17 ± 0.13 vs À0.35 ± 0.20 mm, corneal SA: 0.31 ± 0.08 vs 0.28 ± 0.10 mm). Although the internal vertical coma (Z 3
À1
) was more negative in the spherical group, there was no statistical difference when the mean total coma was compared. Other coefficients showed no differences between the two groups.
In terms of contrast sensitivity testing, the aspheric IOL group showed clinically better results at all spatial frequencies except 1.5 cpd under photopic condition. Statistically significant differences were observed at 3 and 6 cpd under photopic conditions (P ¼ 0.036, 0.001, respectively, Figure 1) , and at 1.5-6 cpd under mesopic conditions (P ¼ 0.001, 0.002, 0.005, respectively, Figure 2) . Measurement of MTF for the 6 mm pupil using i-Trace showed the aspheric group had better optical performance at 5 and 10 cpd (P ¼ 0.015, 0.044, Figure 3) .
Correlations between BCVA, contrast sensitivity, and aberration data (RMS values of coma, trefoil, and spherical aberration) were evaluated. Total SA was found to be negatively correlated with contrast sensitivity at 6 cpd under photopic conditions (R ¼ À0.37, P ¼ 0.014), and at 1.5 cpd under mesopic conditions (R ¼ À0.39, P ¼ 0.009).
Discussion
A number of studies have reported on the advantages of the Tecnis Z9000 aspheric IOL in terms of ocular aberration or contrast sensitivity. [6] [7] [8] [9] [10] This is the first report in the peer-reviewed arena on the clinical performance of the hydrophobic acrylate version of the Tecnis IOL. The study compared the Tecnis IOL with the SA60AT lens, which is one of the most favoured hydrophobic acrylic lenses. We evaluated ocular aberrations using ray-tracing technology and compared MTF and contrast sensitivity as an indicator of functional vision. Although the two IOLs are similar in terms of the major factors contributing to optical quality (ie, refractive index of the material and optic diameter), small differences will affect the amount of induced aberration and also the contrast sensitivity to some degree. 8 A feature of this study was that it evaluated internal HOA (which is mostly induced by IOL) not merely entire eye HOA. The study examined the counterbalance effect of the corneal spherical aberration, and evaluated the magnitude of internal aberration induced by the IOL. In vivo measurement of internal aberrations allows assessment of the optical performance of the IOL within the eye. Therefore, knowing the corneal and lenticular aberrations can be helpful in determining whether the ocular aberration is emanating from the cornea or lens, and can thus assist in making the appropriate adjustments to surgery, including choosing the optimum IOL. 16 This study found that spherical aberrations were the greatest contributors to HOAs in the spherical IOL group, whereas they were negligible in the aspherical IOL group. It also showed that there was a considerable negative vertical coma induced primarily from the internal optic in the spherical IOL group, whereas coma induced primarily from cornea dominated in the aspheric IOL group. Although the SA and coma differed between the two groups, it did not create a difference in the RMS of total ocular HOAs. In addition, two groups differed in terms of the internal trefoil, but this did not result in a significant difference in ocular trefoil as the disparity was quite small.
The internal vertical coma was higher in the spherical IOL group than the aspheric IOL group. Marcos et al 17 found that total vertical coma correlated with IOL vertical decentration. Although this study did not investigate minor decentration or IOL tilt in fine detail, the data suggest that the 3-piece aspheric IOL was at least as stable as the single-piece IOL.
The corneal SA is usually a positive value, thus an aspheric IOL with a negative SA value has some degree of benefit. However, in cases of a negative corneal SA (highly prolate cornea) or a positive value too low for the average, there is doubt over how much benefit there will be with an aspheric IOL designed to compensate for the average spherical aberration. Furthermore, aspheric IOL designed to compensate for the mean preoperative corneal SA can operate under the assumption that the SA remains virtually unchanged. Recent studies 18, 19 have shown that there are no significant changes in SA after small incision cataract surgery, and we observed similar findings (data not shown). Since surgery has little effect on corneal spherical aberration, we can theoretically use preoperative measurements to select the IOL offsetting for the corneal spherical aberration.
Several further types of aspheric IOL are now available. [20] [21] [22] Although they are theoretically similar to the Tecnis, different amounts of SA correction were introduced. The Tecnis has a lens SA of À0.27 mm, aiming for zero residual SA. The IQ (Alcon, Fort Worth, TX, USA) has a lens SA of À0.20 mm, targeting a residual SA of 0.1 mm. The Sofport AO (Bausch&Lomb, Rochester, NY, USA) has eliminated the SA of itself, and the corneal SA of the patient remains. Although they were developed based on issues of optimal residual SA, surgeons may be able to provide more patients with better quality vision selecting adequate amounts of internal spherical aberration. This could be a possible alternative before it is available to use truly customized IOL. To this end, more study is required to establish clinical guidelines for aspheric IOL use.
Overall, the current findings indicate that the SA in patients with Tecnis IOLs was close to zero, which satisfies the aim of such lenses to compensate the corneal SA of the average patient. Moreover, the mean SA induced by the IOL was similar to À0.27 mm (P ¼ 0.089), although individual spherical aberrations were variable. However, other issues need to be addressed. First, the internal aberration was more variable than the corneal aberration. One explanation may be that the internal aberration depends not only on the IOL spherical aberration, but also on the actual position of the lens and the convergence of the rays refracted by the posterior cornea. Second, asymmetric aberrations such as, coma and trefoil, showed less consistency compared with spherical aberration. Few studies have investigated internal aberrations in vivo. The present findings are consistent with those of Belluci et al 9 regarding the magnitude of internal aberration for the 4-mm optical zone after Tecnis Z9000 implantation. Both studies found similar mean internal spherical aberrations (À0.048 ± 0.017 vs À0.064 ± 0.051 mm), although the fluctuations were a little higher in this study, particularly for the coma. Any differences between studies may reflect the use of different types of aberrometers. The greater variability of the present result may be because the i-Trace adapted ray-tracing technology is very flexible and robust for examining extreme aberrations, whereas Shack-Hartmann-based systems tend to have a limited dynamic range in measuring higher order aberrations. 13 There is accumulating evidence supporting the functional vision benefit of aspheric over spherical IOLs, [6] [7] [8] [9] [10] [20] [21] [22] and this study is consistent with such reports. On the contrary, some recent clinical trials reported no significant gains with the aspheric IOL in terms of BCVA, [10] [11] [12] [13] [20] [21] [22] or other subjective questionnaires, such as visual function-14(VF-14) score, 13 or the activities of daily vision scale. 10 This study also could not detect the significant difference between two IOL designs in terms of BCVA. Because of the outstanding performances of both type IOLs, Snellen visual acuity test cannot be a sufficient method to describe the quality of the vision. Subjective questionnaires also might be not enough sensitive to detect the differences between two optical design as the Moorfields IOL study group 13 mentioned in their report. In fact, there is no gold standard device evaluating clinically relevant functional vision. Many studies have shown that contrast sensitivity measured under varying luminance conditions is a robust indicator of functional vision. 15 In this study, we found that aspheric IOL group had a lower total SA that was associated with better contrast sensitivity at 3 and 6 cpd under photopic and at 1.5, 3 and 6 cpd under mesopic conditions (Figures 1 and  2 ). Peak improvement was 0.47 log units (79.7%) and 0.54 log units (53.1%) occurred at 6 cpd under both mesopic and photopic conditions. Moreover, there was a negative correlation between the total SA and contrast sensitivity values at 1.5 cpd under mesopic conditions and at 6 cpd under photopic conditions.
In conclusion, this study found that the Tecnis Z9003 IOL was better than the SA60AT IOL in terms of contrast sensitivity and MTF. The total SA negatively correlated with contrast sensitivities.
